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Abstract
This paper presents the development of a Computational Fluid Dynamics (CFD) model for a free heaving
Oscillating Water Column (OWC) spar buoy with non-linear Power Take Off (PTO). Firstly, a freely heaving
barge was applied to a 2D Numerical Wave Tank (NWT), used to validate a 1 Degree Of Freedom (DOF)
modelling methodology. Multiple sets of regular waves were used to assess the heave response compared to
previous experimental and numerical studies. In parallel, the NWT was extended to 3D where analyses of
incident waves have been conducted to ensure accurate waves are portrayed. A PTO boundary condition
was created to replicate a non-linear impulse turbine, typically simulated by an orifice plate in scaled models.
The PTO boundary was compared and validated using experimental data. Finally, a comprehensive system
comprising of the 3D NWT, 1DOF set-up and non-linear PTO allowed the development of a heave-only
OWC spar buoy model with a non-linear PTO. Experiments completed by UCC MaREI centre in LIR-
NOTF ocean wave basin under FP7 MARINET project is detailed and used to validate the comprehensive
model. A range of regular waves were applied and responses of heave and chamber pressures were compared
to experimental data, which showed excellent correlation.
Keywords: Computational Fluid Dynamics (CFD), Numerical Wave Tank (NWT), Wave Energy
Converter (WEC), Freely heaving Oscillating Water Column (OWC)
1. Introduction1
Wave Energy Converter (WEC) devices are used to convert the oceans wave energy into usable electrical2
energy. The Oscillating Water Column (OWC) is said to be one of the most researched devices from the3
WEC field [1]. The structure contains an opening which is submerged beneath the ocean’s surface allowing4
incident waves to enter the chamber. Waves then periodically force a column of air through a self-rectifying5
turbine located on the upper end of the chamber. This turbine is combined with an electrical generator6
to form a Power Take Off device (PTO). These WEC devices can be located on shorelines, designed into7
breakwaters or as offshore floating devices. The use of shoreline OWCs allows ease of connection and8
construction, but has limited optimal sites due to the energy dissipation from shoaling waves [2].9
Offshore OWC spar buoy devices have a unique characteristic of two fundamental frequencies of both the10
chamber and structural response. Tuning these frequencies allows for the performance range of the device11
to be optimised over a larger bandwidth of sea states, or amplified for a smaller bandwidth. The spar buoy12
is considered to be a very elegant design where, due to its simplicity and axis-symmetry, it is insensitive13
to wave direction. The device is also considered as low risk and the most economic of the floating OWC14
devices [1, 3]. Offshore OWCs are very advantageous due to their ability to harness energy in deep water15
and to utilise the space for large arrays of systems.16
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Many prototypes of the shoreline OWC devices have been designed and tested at full scale to show their17
ability as future WECs. A 400kW shoreline European pilot plant was constructed on the island of Pico18
in the Azores [4]. Another shoreline OWC was established on Islay, Scotland, which used a 500kW Wells19
turbine [5]. Many offshore OWC devices have been constructed and tested throughout the world. A 1:420
scale backward bent duct buoy was tested first with a Wells turbine and then an impulse turbine in Galway,21
Ireland [5]. An Australian company Oceanlinx tested a 1:3 scale floating OWC, known as Mk3, in 2010 [5].22
Much literature exists outlining the methods used by designers to optimise the performance of these23
devices such as frequency and state-space models or more complex time domain models. Computational24
Fluid Dynamics (CFD) uses the Navier-Stokes equations to solve fluid motion in the time domain. This25
method allows for non-linear interactions simulated due to real fluid effects, such as vortices, viscous effects,26
turbulence effects, etc [5, 6]. The inclusion of these flow phenomenon will allow a higher accuracy to be27
attained when analysing Fluid-Structure Interactions (FSI) and device performance.28
CFD has been extensively used to analyse and optimise the performance of shoreline and offshore OWC29
devices. Bouali and Larbi analyse the impact of the draught geometry on the performance of a shoreline30
OWC [7]. Linear PTO influence on the performance of a shoreline OWC is assessed by Kamath et al. [8].31
Dider et al. analyses the damping impact on the performance of a static 3D offshore OWC [9]. Dider et al.32
show the importance of matching the correct PTO damping to obtain higher efficiencies. Luo et al. employs33
a 1 Degree Of Freedom (DOF) model to analyse linear mooring and PTO constraints on the performance34
of an offshore OWC in 2D [10]. Luo et al. shows both PTO and mooring selection plays a large influence35
on the optimum device performance.36
The paper presented here focuses on the development of a 3D CFD model to accurately represent the37
dynamic response of a free floating spar buoy with a non-linear PTO. To the authors knowledge, this is the38
first comprehensive dynamic CFD model of an OWC spar buoy. The model is developed in stages beginning39
with the Numerical Wave Tank (NWT) to allow accurate propagation of incident waves. A dynamic mesh40
is used to permit the 1DOF free heaving, of a simulated barge in the 2D NWT. Validation of the 1DOF41
modelling methodology against results of others proves the accuracy prior to inclusion of an OWC spar buoy.42
In parallel, a 3D NWT is assessed against linear wave theory which is required to include the geometrical43
requirements of the axis-symmetric spar buoy. A non-linear PTO is developed and validated using real44
orifice data and further implemented into the spar buoy model. Coupling all previous stages allows for an45
in-depth numerical model to be realised. Experimental validation was completed to assess the accuracy of46
the numerical model and data is provided by the MaREI Centre in LIR-NOTF under the FP7 MARINET47
Project. Regular monochromatic waves are applied to determine the coupled dynamic response of the OWC48
device. Heave and pressure characteristics of the CFD model are discussed and compared to experimental49
results assessing the accuracy of the model to a real situation.50
2. Numerical model development51
2.1. 2D NWT set-up52
A NWT is created using a commercial CFD package, ANSYS Fluent 16.0, which solves the Navier-53
Stokes equations. The Volume Of Fluid (VOF) method is used to resolve the multiphase fluid flow within54
the computational domain. A transient model is created using a two-phase 2D domain. An open channel55
wave boundary condition is applied upstream to allow the propagation of incident waves, whilst the numerical56
beach scheme is applied downstream to dissipate the waves before they leave the domain. This prevents57
reflection from occurring at the downstream boundary. An open channel is applied to permit the dissipated58
waves to exit the domain, retaining a constant mean free surface. Atmospheric conditions are applied using59
a pressure-outlet boundary and no-slip conditions are used for the bed of the NWT.60
A structured quadrilateral mesh type is used to discretize the NWT using ANSYS’s meshing tool. The61
mesh is specified using dimensionless criteria of 20 cells per wave height and 50 cells per wavelength as62
recommended by O Connell and Cashman [11] following a discretization error analysis. Velocities and free63
surface elevation error were evaluated to be below 1% in the study. Time steps were allowed to vary using the64
dimensionless Courant-Friedrichs-Lewy (CFL) number. Therefore, the time step size is dependent on fluid65
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velocity, cell size and a constant CFL number. Typically the CFL number is kept below 2 for 2D simulations66
and below 1 for 3D simulations [12]. A low CFL number of 0.1 is used throughout the study presented in67
this paper which allows for time dependent flow phenomena to be modelled with a high resolution and thus68
ensuring a solution independent of time step size was obtained. Likewise, residuals are required to drop 469
orders of magnitude before convergence criteria is satisfied to ensure highly accurate results.70
2.2. 1DOF modelling methodology71
A free floating barge is applied to the previously specified 2D NWT in order to create an accurate freely72
heaving 1DOF model. The model set-up is based on analytical and experimental work completed by Nojiri73
and Murayama [13]. Koo and Kim [14] and Luo et. al. [15] adopted this approach to validate their numerical74
models along with Tanizawa and Minami [16]. The numerical domain is set-up as shown in Figure 1, where75
the floating structure is only constrained to heave freely. The model consists of a tank 8λ long with a depth76
of λ, where λ is the incident wavelength. Wave generation occurs on the left of the tank and subsequently77
damped using a numerical beach scheme on the opposite end. This model allows the validation of the FSI78
for free floating structures using the 1DOF numerical model. Accurate representation of an FSI is critical79
to subsequent work which derives its absorbed power from both the heaving structure and incident wave80
interaction.
Figure 1: Heave only barge schematic set-up.
81
A dynamic mesh is applied to the domain to allow the barge to oscillate in heave mode. The smoothing82
scheme method is used to remesh the domain at each iteration to fully resolve the hydrodynamic motion.83
The use of a remeshing scheme significantly increases the computational requirements and in turn the solving84
time. Turbulence modelling used here employed a realizable κ−  model to reproduce turbulence effects of85
the fluid flow. Monochromatic linear waves were applied to the domain to assess the FSI of the barge with86
a width of S = 0.5m and mass of 125kg. Regular waves with height H=0.02m and periods of between 0.4-2s87
are allowed to propagate through the domain. Simulations are deemed complete when the heave amplitude88
of the barge reaches a quasi-steady state and remained consistent. The heave Response Amplitude Operator89
(RAO) is the ratio of heave amplitude of the barge over the incident wave amplitude. The results of the90
heave RAO are reproduced in comparison with the results of other studies in Figure 2 with respect to the91
applied incident wave period.92
Using the described modelling approach, good correlation of the RAO is seen between the present CFD93
model and results of the other studies shown in Figure 2, hence validating the modelling approach employed94
here. Thus, the 1DOF modelling methodology outlined in this section accurately portrays the FSI of a freely95
floating body with incident waves. The modelling approach is further applied to FSI analyses of a floating,96
heave only, spar buoy structure in Section 2.5.97
2.3. 3D NWT set-up98
The axis-symmetric geometry of a spar buoy OWC can not be represented accurately in 2 dimensions.99
Therefore, this justifies the move into utilising a 3D computational domain for an accurate FSI to occur.100
Furthermore, reducing reflections from the device of interest in 2D is necessary for accurate incident waves.101
Diffraction within the 3D domain can permit transmission of waves past the device with negligible reflections.102
Thus, using a 3D domain allows for an accurate portrayal of the response from the spar buoy geometry.103
3
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Figure 2: Comparison of RAO results for free heaving barge.
Progression of the 2D NWT into 3D requires the analysis of discretization error to ensure accurate104
propagation of waves. A CFD model is created using the same set-up as in Section 2.1 with a depth of105
1m. Multiple regular waves are applied to the domain to assess the free surface elevation and the velocity106
components beneath the waves. Fluid velocity profiles in both horizontal and vertical directions are plotted107
at various stages of the propagating wave. Velocity profiles beneath the wave crest, inflection and trough108
are observed and displayed in Figures 3-5, respectively. These are compared and analysed against linear109
wave theory.110
Figure 3: Velocity profiles beneath the wave crest.
Results of the simulations show a high level of accuracy, as the free surface error remains below 0.5% for111
all simulations. The non-zero velocity profile components, when compared to theory, all showed low error112
results. The maximum absolute error which occurred across all analyses was a 3.2% deviation from theory,113
which is considered an acceptable error for incident waves in this study. This high level of accuracy can be114
seen with excellent correlation to theoretical profiles in Figures 3-5. Simulation times increased significantly115
with the extension into the third dimension due to the large increase in mesh size.116
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Figure 4: Velocity profiles beneath the waves inflection point.
Figure 5: Velocity profiles beneath the trough of the wave.
2.4. PTO development & validation117
An impulse turbine is considered to have a non-linear damping influence on the pressure drop, ∆p, across118
the turbine. This can be approximated using equation (1), where the turbine damping coefficient, CPTO,119
can be considered essentially independent of turbine speed and m˙ is the mass flow rate through the turbine.120
Falcao and Henriques [5] state the rotational speed can be used to tune the resulting turbine efficiency121
without impacting hydrodynamics.122
∆p u CPTOm˙2 (1)
Typically an orifice plate is used to simulate a non-linear PTO when conducting experiments at a small123
scale (usually smaller than 1:4), whereas larger scales can utilise a real turbine [5]. A simple orifice plate124
can be designed using equation (2) to simulate the impulse turbine at smaller scales.125
Q˙ = Cda
√
2∆p
ρair
(2)
where, a is the area of the orifice opening, Cd is the discharge coefficient, Q˙ is the volumetric flow rate126
and ρair is the density of air. Using physical orifice plates within CFD simulations creates issues with127
turbulence modelling and mesh quality. Thus, a PTO boundary condition is created numerically to replace128
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the use of a physical orifice plate in the simulations, thereby reducing mesh complexity and computational129
requirements. This allows the replication of back-pressure normally produced by a turbine by a more robust130
method in CFD. The new boundary condition is assessed against experimental orifice plate data to validate131
the applicability of using the numerical boundary condition. Experimental equipment and procedure for132
testing the orifice plate is given in [17] and orifice characteristics are outlined in Table 1. Two test cases133
with varying piston speeds were conducted here to aid in the validation of the PTO boundary condition.134
Table 1: Orifice plate characteristics.
Case 1 Case 2
Chamber diameter 0.3m 0.3m
Orifice area 0.0106m 0.0106m
Discharge coefficient 0.74 0.74
Stroke 0.05m 0.05m
Period 5s 2.7s
A CFD model comprising of a cylindrical domain with a sinusoidal boundary motion is created. The135
piston like motion is defined to reciprocate at the same angular velocity and stroke as in the experiment.136
Two cases are conducted to obtain the orifice pressure drop and further assess the accuracy of the developed137
boundary condition. A no-slip condition is used for the walls of the chamber with pressure drop within the138
chamber monitored and plotted in Figures 6 and 7 along with the corresponding experimental data. The139
model was allowed to run for multiple periods to ensure quasi-steady state is achieved.140
Figure 6: CFD pressure fluctuation compared to experimental data for case 1 at a period of 5s.
Comparison between the simulated orifice and experimental data for both cases show excellent agreement141
for both case 1 and case 2, seen in Figures 6 and 7. Experimental and numerical results from case 1 are142
analysed against the theoretical maximum pressure which shows an error of less than 1% for both data143
sets. Comparative results for case 2 demonstrates a larger deviation of maximum pressure when compared144
to theory. Up to 8% of an error is observed when comparing the experimental data to theory, whereas145
CFD simulated results remains to be below 1% when compared to theory. The deviation of peak pressures146
between numerical and experimental results could be attributed to the incompressible scheme used in the147
numerical model. This study shows an excellent and accurate response from the PTO boundary condition148
developed here. Use of this boundary condition is only applicable to small scale incompressible flow problems.149
The ability to reproduce the response of an orifice plate within a simulation without significant modelling150
issues while reducing computational demand is a great benefit to future studies and will be applied to the151
comprehensive OWC model.152
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Figure 7: CFD pressure fluctuation compared to experimental data for case 2 at a period of 2.7s.
2.5. OWC model set-up153
Coupling the 1DOF modelling methodology with the 3D NWT and the non-linear PTO boundary con-154
dition allows a comprehensive FSI model to be realised. Geometry for an axis-symmetric spar buoy, based155
on the experimental one used in Section 3, is imported into the computational domain. Symmetry is utilised156
to reduce mesh size in half, reducing computational cost of the simulation. Figure 8 shows the symmetric157
geometry of the OWC model. The NWT used is 4 wavelengths long, inclusive of 2 wavelengths for the158
numerical beach scheme. The model is placed 1 wavelength away from the wavemaker boundary and al-159
lowed to freely heave using the prescribed 1DOF set-up in Section 2.2. Width and height of the domain are160
selected to be large enough to not interfere with the response of the floating structure.
Figure 8: Symmetric model of the OWC spar buoy.
161
The model uses a CFL number of 0.1 to allow progression of the local time step and to capture the fluid162
flow at a high resolution. Velocity and displacement magnitudes at monitor points throughout the domain163
were also examined for convergence, as well as chamber pressure. The PTO damping coefficient is obtained164
using equation (2) from the orifice used in Section 2.4, which is also used in the experimental work in Section165
3.166
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3. Experimental procedure167
Experimental testing of a spar type OWC was carried out in January 2015 by the MaREI centre in the168
LIR-NOTF Ocean basin at 1 : 50th scale. The trials were initially performed under the Round Robin testing,169
as part of the FP7 Marinet project, where five facilities operating ocean wave basins carried out trials using170
the same input characteristics in order to compare the resulting motion and power characteristics. This171
section presents the experimental set-up and wave characteristics used in the trials.172
3.1. Wave basin dimensions and test location173
The wave basin in LIR-NOTFwas built specifically to help the development of wave energy devices and174
designed to test wave energy devices around 1:40th to 1:100th scale. It is equipped with 40 independent175
paddles hinged at 0.7m water depth and is capable of recreating regular waves or real ocean sea states in one176
direction or using directional spreading functions. The paddles are Edinburgh Design built and equipped177
with active absorption system. A schematic of a half section of the ocean basin is shown in Figure 9.178
Figure 9: Overview of a half section of the basin.
3.2. Experimental model characteristics179
The experimental model used in the trial is a vertical spar type OWC with a 10mm orifice for air power180
dissipation representing a non-linear type PTO system such as an impulse turbine. The main dimensions181
are illustrated in Figure 10 and all the measured characteristics are listed in Table 2. This table includes the182
values at tank scale and their equivalent at full scale using the Froude scaling method. The experimental183
model is tested at 1:50th scale and used to validate the numerical model in this paper.
Figure 10: OWC model drawing and dimensions (in mm).
184
3.3. Experimental set-up in the wave basin185
The OWC model is placed at the centre of the basin, 6.75m from the paddle array, in the 1m depth186
section. It is free floating and moored at the water level with three mooring lines, 120 degrees angle spreading187
on the horizontal plane. Each mooring line is composed of a horizontal light rope 1.45m length connecting188
the OWC to an additional mooring float. The float is then connected to the basin floor through a catenary189
type line using a 3m galvanised steel chain. This set-up was designed to reduce the impact of the mooring190
system on the heave and pitch motions and restrict large surge, sway and yaw motions. A picture of the191
final setup is shown in Figure 11.192
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Table 2: Characteristics of the experimental OWC model.
Figure 11: Experimental set-up in the ocean basin.
3.4. Sensors and acquisition system193
A data acquisition system and a series of sensors were used during the trials. The measured parameters194
relevant for this study include the air pressure within the OWC chamber and the 6DOF motion of the195
spar buoy. All data time series were recorded at a rate of 32Hz with a CompactRio system from National196
Instrument. Pressure was measured with a differential pressure sensor with one input placed at the top197
of the OWC, beside the orifice, and the other input away from the OWC giving the atmospheric pressure198
reference.199
The 6DOF motion was recorded with a Qualisys motion camera system. Four Oqus cameras are placed200
above the wave basin and record the linear motion of four spherical markers installed on the OWC. The201
software generates, using trigonometric equations, the 6DOF motion at the centre of gravity of the OWC202
floating body based on the relative motion of the four markers and relative position of the centre of gravity203
and the markers. Placement of the Qualisys markers and pressure sensor location are shown in Figure 12.204
9
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Figure 12: View of the OWC top section with Qualisys markers, orifice and pressure sensor location.
3.5. List of waves tested205
Trials were carried out using a range of regular waves to test the model. Generated waves were calibrated206
prior to device testing to ensure the accurate propagation of waves. Wave generation for testing the device207
used the same input settings for the wave calibration stage. A wave height of 20mm was generated with a208
range of periods from 0.7s to 2.3s. Wave probes are monitored at the same location where the device would209
be situated during the calibration period. Results for the incident wave heights are presented in Table 3.210
Table 3: Incident wave height calibration for each wave period.
T [s] H [m]
0.69 0.019
0.8 0.021
1 0.021
1.06 0.021
1.14 0.019
1.23 0.020
1.33 0.020
1.59 0.020
1.79 0.020
2 0.020
2.27 0.021
4. Results and discussion211
Regular waves are simulated using the comprehensive CFD model described in Section 2.5. Simulations212
are conducted on multiple clusters of nodes consisting of 24 Xeon cores with 64 GB RAM provided by the213
Irish Centre for High-End Computing (ICHEC). Monochromatic waves with periods of between 0.8s to 2s214
are allowed to propagate through the domain with a wave height of 0.02m. Simulations are deemed complete215
when a quasi-steady state is reached where the heave and pressure drop within the chamber stop changing216
periodically.217
Results for the heave response and pressure drop are plotted in Figure 13 for incident waves with a218
period of 1.23s. A quasi steady state is observed in both the structural heave and chamber pressure after219
10 incident waves. Pressure fluctuation within the chamber shows, as expected, similar non-linear patterns220
to the results seen in Figures 6 and 7.221
Heave results from a range of incident waves were obtained to calculate the heave RAO and subsequently222
plotted in Figure 14 with experimental results. An excellent agreement is observed between the response of223
CFD simulations and the experimental data. A peak harmonic is seen with a wave period of 1s in the CFD224
model, similar to experimental observations.225
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Figure 13: Heave response and pressure plot of a simulation with wave height of 0.02m and period of 1.23s.
Figure 14: Comparison of CFD and experimental heave RAO plotted with respect to wave period.
Pressure fluctuation within the chamber is recorded and the maximum difference plotted in Figure 15226
with respect to wave period. The pressures predicted in the model correspond well with experimental227
pressure results, although an over estimation is observed at peak resonance. This peak resonance occurs228
at similar incident wave period as the heave harmonic. The PTO boundary condition previously developed229
proves to be very promising to replicate and replace the use of an orifice plate in CFD simulations, thereby230
reducing model complexity.231
A smaller secondary peak at a wave period of 1.59s can be seen in Figure 14 which corresponds to the232
natural frequency of the structure. This secondary peak is observed to be more pronounced in the pressure233
drop across the PTO, shown by Figure 15. Modification of the structural geometrics allows the user to tune234
this secondary peak to optimise power output for a specific sea state. Good correlation of the secondary peak235
is observed between both numerical and experimental data sets. This proves the ability of the numerical236
model developed here to capture both harmonics of the OWC spar buoy with good accuracy.237
5. Conclusion238
A CFD model for offshore FSI studies using a commercial package ANSYS Fluent 16.0 is developed in239
this paper. A 1DOF, heave only, dynamic motion model in 2D is validated against experimental, numerical240
and analytical work of others using a freely heaving barge. Results from this study demonstrate the accuracy241
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Figure 15: Chamber pressure of the simulation with comparison to experimental work.
of the FSI model set-up. In parallel, a NWT is constructed in 3D to allow for the geometric requirements242
of a spar buoy OWC to be modelled. This NWT is analysed against theory with various incident waves and243
shows a high level of accuracy in 3D. A PTO boundary condition is developed to be a robust alternative244
to modelling an orifice plate. The non-linear PTO boundary is validated with excellent agreement with245
comparison to experimental results of an orifice plate.246
Coupling of the 1DOF, 3D NWT and non-linear PTO boundary condition allowed for a fully dynamic247
model of a spar buoy OWC to be realised. Numerical simulations show excellent responses to incident248
waves in both heave and chamber pressure. Replication of the heave and PTO response of the device allows249
further analysis without the necessity of experimental testing. This permits the evaluation and optimising250
efficiency of a design with confidence prior to prototype construction. Future model developments will see251
the inclusion of mooring forces, non-linear incident waves and compressibility interactions for larger scale252
prototypes.253
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• Discretization analysis of incident waves in a 3D NWT using CFD software 
• Development and validation of a non-linear orifice plate boundary for PTO simulation 
• Detailed description on experimental work completed on a Spar buoy OWC 
• Construction of a 1DOF, heave only, Spar buoy OWC with non-linear PTO simulator 
• Analysis  and validation of developed comprehensive dynamic OWC model 
